Members of the *Agrobacterium* genus are phytopathogenic bacteria with the unique ability to transfer and integrate a segment of their own DNA (T-DNA) into the genome of their plant hosts[@b1][@b2]. The genes naturally transferred are expressed in the transformed plant cells and induce uncontrolled cell division (*e*.*g*., crown galls in the case of *Agrobacterium tumefaciens*) and production of opines, small molecules providing a source of carbon and nitrogen for the bacteria[@b3]. The transfer and integration of *Agrobacterium* T-DNA relies on a set of proteins encoded by bacterial *vir* (virulence) genes located on a specialized Ti (tumor inducing)-plasmid, and on interaction of these Vir proteins with host cell factors[@b1][@b2]. Besides the *vir* genes absolutely required for transformation, several non-essential *vir* genes are conserved in Ti-plasmids of different *Agrobacterium* strains. They likely represent host range factors required for efficient transformation of specific hosts, or provide a competitive advantage in the complex rhizosphere environment where several strains may be competing for the same host. *vir*F, one of these non-essential genes, was originally described as responsible for difference of virulence between two main *A. tumefaciens* strains: octopine and nopaline (named after the nature of the opines produced in tumors) on several specific hosts. Indeed, a nopaline-specific *Agrobacterium* strain (C58) was only weakly virulent on *Nicotiana glauca*, as opposed to strains (*e.g*., A6) harboring the octopine-type Ti-plasmid; the difference in virulence was found to depend on the *vir*F locus of the octopine-specific *Agrobacterium* strains[@b4]. Expression of octopine-type *vir*F resulted in efficient transformation of *N. glauca* by the C58 strain, whether *vir*F was expressed in bacteria[@b4] or in the host plant[@b5], suggesting that VirF activity was effected in the plant cells. It was thus concluded that the C58 strain either contained no *vir*F locus at all or its *vir*F was not functional. Subsequently, it was found that octopine-type VirF is translocated into the host cell[@b6] and represents an F-box protein which functions as a subunit of the SCF (Skp1-Cul1-F-box protein) ubiquitin E3 ligase complex[@b7][@b8][@b9][@b10] in the host cell. Indeed, octopine-type VirF interacts with ASK proteins, the plant equivalents of yeast Skp1[@b11], and triggers proteasomal degradation of the plant protein VIP1 involved in the transformation process[@b12]. Thus, VirF, the first F-box protein identified in prokaryotes[@b11] represents a bacterial pathogen effector that interferes with the host ubiquitin/proteasome system (UPS)[@b13].

That such an important virulence function as an F-box protein is not conserved between major *Agrobacterium* strains does not make biological sense. Indeed, the Ti-plasmid from C58 *Agrobacterium* strain contains in its *vir* region a gene---*Atu6154*, which we term here C58*vir*F---whose protein product C58VirF shares homology with the octopine-type VirF. A *vir*F locus was also found in several Ti-plasmids from *Agrobacterium vitis*, suggesting that the presence of *vir*F homologs is widespread in different Agrobacterium species and strains[@b14]. Here, we investigated the function of C58VirF and demonstrated its specific interaction with the plant UPS machinery, which suggests its functionality as a true F-box protein. Potentially, the level of virulence of octopine and nopaline strains of *Agrobacterium* on different hosts depends, at least in part, on specificity of their VirF F-box proteins.

Results
=======

Amino acid sequence analysis of C58VirF
---------------------------------------

The C58*vir*F gene is located in the *vir* region of the Ti-plasmid of the *Agrobacterium* C58-C1 strain, between *vir*H and the region containing the *vir*A-E loci. By comparison with octopine-type VirF from the A6 strain (A6VirF), the C58*vir*F-encoded protein, C58VirF, is noticeably longer*, i.e.*, 312 amino acid residues versus 202 residues, respectively ([Fig. 1A](#f1){ref-type="fig"}). Homology between these two proteins is observed in an 85-residue-long N-terminal region and in the 100-residue-long C-terminal region whereas the central region of the C58VirF protein, about 100 amino acid-long as well, is absent in the octopine-type ortholog. Whereas the ProfileScan software did not detect any functional domains in the C58VirF sequence, manual analysis of sequence alignment revealed a region of homology, corresponding to the octopine-type F-box domain, including some of the most conserved amino acid residues of the F-box domains[@b15][@b16]. In addition, a strong homology is found in the C-terminus of the protein, which corresponds to the arginine-rich bacterium-to-host cell translocation signal; this signal allows a Vir protein to be recognized as substrate by the bacterial type IV secretion system (T4SS), which then transports it into the host cytoplasm[@b17]. Indeed, C58VirF has been shown to be transferred from *Agrobacterium* to plant cell[@b17].

A phylogenetic tree constructed with VirF protein sequences from the two major *Agrobacterium* strains---nopaline-specific *A. tumefaciens* C58 and octopine-specific *A. tumefaciens* A6--- as well as from two other *Agrobacterium* species, *A. vitis* S4, and *A. rhizogenes*---revealed two distinct groups ([Fig. 1B](#f1){ref-type="fig"}): one containing *A. tumefaciens* C58 and *A. rhizogenes*, and the other containing *A. tumefaciens* A6 and *A. vitis*. Thus, C58VirF and A6VirF, apart from the homology found in the regions corresponding to their F-box and translocation signal domains, are evolutionary distant from each other. One of the hallmarks of most *Agrobacterium vir* genes is their inducibility by plant secondary metabolites, such as acetosyringone[@b18][@b19]. The C58*vir*F locus indeed contains a conserved regulatory *vir* box element in its promoter region (data not shown). A study of another nopaline-specific *Agrobacterium* strain, SAKURA, which is almost identical to C58 in its *vir* region sequence, showed that expression of SAKURA*vir*F is induced by acetosyringone[@b20]. Most likely, therefore, C58*vir*F also represents a true *vir*-type gene, albeit belonging to a group different from that of the classical VirF protein, A6VirF.

Subcellular localization in plant cells
---------------------------------------

Previous studies suggested that C58VirF is transferred from *Agrobacterium* to plant via the T4SS[@b17], which delivers the exported bacterial proteins into the recipient cell, first into the cytoplasm and then to a specific compartment in which the protein functions. The specific localization of C58VirF in the host cell, however, remained unknown. Thus, we tagged C58VirF with a GFP-GUS tag, which is a fusion between green fluorescent protein (GFP) and β-glucuronidase (GUS); GFP-GUS, due to its relatively large size would preclude non-specific diffusion of the relatively small C58VirF into the cell nucleus. GFP-GUS-C58VirF was then coexpressed with RFP-NLS, an NLS-containing red fluorescent protein (RFP) that served as internal reference marker for the nuclear compartment. [Fig. 2A,C](#f2){ref-type="fig"} shows that expression of GFP-GUS-C58VirF resulted in GFP fluorescence localized overwhelmingly in the cell cytoplasm and in a perinuclear region. As expected, the RFP-NLS marker accumulated almost exclusively in the cell nucleus, and it did not colocalize with coexpressed GFP-GUS-C58VirF ([Fig. 2B](#f2){ref-type="fig"},C). These results indicate that C58VirF does not possess active nuclear localization signals (NLSs). Consistently, subcellular localization prediction software PSORT (<http://psort.hgc.jp>) detected no known specific subcellular localization signals in C58VirF. However, C58VirF is a small protein, and its molecular mass of ca. 34.5 kDa is within the 40--60 kDa size exclusion limit of the nuclear pore[@b21]. Thus, passive entry of at least some fraction of the intracellular pool of C58VirF into the nucleus cannot be excluded. Indeed, when tagged with a single GFP molecule, C58VirF was found both in the cytoplasm and in the nucleus of the plant cell ([Fig. 2D,F](#f2){ref-type="fig"}), with the nuclear population of GFP-C58VirF colocalizing with RFP-NLS ([Fig. 2E,F](#f2){ref-type="fig"}).

Surprisingly, although octopine VirF-VIP1 complexes are known to accumulate in the cell nucleus[@b12], subcellular localization of the octopine VirF itself has not been examined. We transiently expressed octopine VirF fused to a GFP tandem tag (GFP-GFP); similarly to GFP-GUS-C58VirF, the combined molecular mass of GFP-GFP-A6VirF is above the size exclusion limit of the nuclear pore[@b21]. GFP-GFP-A6VirF was nucleocytoplasmic ([Fig. 2G,I](#f2){ref-type="fig"}). The nuclear portion of GFP-GFP-A6VirF colocalized with coexpressed RFP-NLS, which was entirely nuclear ([Fig. 2H,I](#f2){ref-type="fig"}). These data suggest that VirF is present both in the cytoplasm and the nucleus of the host cell during infection by the octopine-type *Agrobacterium*.

Interaction with the ASK components of the plant SCF complex
------------------------------------------------------------

Although previous studies indicated that C58VirF lacks apparent biological function[@b4][@b5], the homology with octopine-type VirF F-box domain prompted us to investigate the potential functionality of C58VirF as an F-box protein. Specifically, we examined whether the putative F-box domain of C58VirF is biologically functional. To this end, we assayed potential interaction of C58VirF with *Arabidopsis* Skp1-like, ASK, proteins using a yeast-two-hybrid assay, in which protein interaction is indicated by histidine prototrophy[@b22] ([Figs 3](#f3){ref-type="fig"},[4](#f4){ref-type="fig"}). *Arabidopsis* has been reported to contain 21 *ASK* genes in its genome[@b23], and we selected nine of their protein products, specifically, ASK1, ASK2, ASK4, ASK5, ASK10, ASK11, ASK13, ASK18, and ASK21, for testing interactions with C58VirF; these proteins were chosen because they represent all seven clades of the phylogenetic tree of this protein family[@b24]. These experiments detected interaction of C58VirF with ASK1, ASK2, ASK4, ASK13, and ASK18 ([Fig. 3A](#f3){ref-type="fig"}, rows 1, 11, 12, 13, 17, 18), but not with ASK 5, ASK10, ASK11, or ASK21 ([Fig. 3A](#f3){ref-type="fig"}, rows 14, 15, 16, 19). C58VirF also did not interact with any other *Agrobacterium* proteins known to be translocated to host plant cell[@b6][@b17][@b25][@b26], i.e., VirE3, VirD2, or VirE2 ([Fig. 3A](#f3){ref-type="fig"}, rows 3, 4, 7). C58VirF also did not interact with VIP1 and VIP2 ([Fig. 3A](#f3){ref-type="fig"}, rows 5, 6), some of the plant proteins thought to be involved in the infection process[@b27][@b28][@b29]. In positive control experiments, VirE2 interacted with VIP1 ([Fig. 3A](#f3){ref-type="fig"}, row 9) as established previously[@b28] whereas, in negative control experiments, no interaction was observed between VirE2 and VirD2 ([Fig. 3A](#f3){ref-type="fig"}, row 8), or between C58VirF or VirE2 preys and the unfused Gal4 activation domain (Gal4AD) encoded by an empty bait vector ([Fig. 3A](#f3){ref-type="fig"}, rows 1, 10). Under the non-selective conditions, all combinations of the tested proteins resulted in the efficient cell growth, indicating that none of the tested constructs interfered with the cell viability ([Fig. 3B](#f3){ref-type="fig"}).

Within the SCF complex, interaction between the F-box protein and its Skp1/ASK partner is mediated by the F-box domain[@b30]. Thus, we examined whether the F-box domain of C58VirF is required for its interaction with ASK1, the best-studied member of the ASK family[@b23]. To this end, three point mutations were generated within the ASK1 F-box domain, in which the conserved leucine/methionine, proline, and leucine residues (see [Fig. 1A](#f1){ref-type="fig"}) were substituted with alanines ([Fig. 4A](#f4){ref-type="fig"}). Previously, this type of mutations in the octopine-type VirF were shown to block its interaction with ASK1[@b11]. Unlike the wild-type C58VirF which bound ASK1 ([Fig. 4B](#f4){ref-type="fig"}, row 2), its F-box domain mutant, designated C58VirFmut, did not interact with ASK1 ([Fig. 4B](#f4){ref-type="fig"}, rows 3, 4) or ASK2 ([Fig. 4B](#f4){ref-type="fig"}, row 5). In negative control experiments, C58VirFmut did not interact with VIP1 or VirD2 ([Fig. 4B](#f4){ref-type="fig"}, rows 7, 8); also neither C58VirF not C58VirFmut interacted with unfused Gal4AD ([Fig. 4B](#f4){ref-type="fig"}, rows 1, 6). Under non-selective conditions, cells in all tested systems remained viable ([Fig. 4C](#f4){ref-type="fig"}).

Finally, we confirmed the C58VirF-ASK interaction and its dependence on the C58VirF F-box motif directly *in planta*, using bimolecular fluorescence complementation (BiFC). For these verification studies, we chose ASK1 as a representative ASK family member that is recognized by C58VirF (see [Fig. 3](#f3){ref-type="fig"}). C58VirF was tagged with N-terminal fragment of Cerulean fluorescent protein (nCerulean)[@b31] whereas ASK1 was tagged with the C-terminal fragment of cyan fluorescent protein (cCFP). [Fig. 5A](#f5){ref-type="fig"} shows that nCerulean-C58VirF and cCFP-ASK1 interacted with each other within living plant cells, producing the BiFC signal. The interacting proteins were located predominantly in the cytoplasm, but also were observed in the cell nucleus. As expected, co-expression of nCerulean-C58VirFmut and cCFP-ASK1 failed to reconstitute the BiFC fluorescence ([Fig. 5B](#f5){ref-type="fig"}); similarly, no signal was detected following co-expression of cCFP-ASK1 and free nCerulean (data not shown).

Discussion
==========

The current view of the *Agrobacterium* virulence system suggests that the nopaline- and octopine-type T- plasmids encode well-conserved Vir proteins, except for one protein, VirF, which is encoded by the octopine-type, but not by the nopaline-type, Ti plasmid[@b4][@b5]; in fact, one study explicitly concluded that the *vir*F gene is "absent from the nopaline pTiC58 of *A. tumefaciens*"[@b14]. On the other hand, the ability of *Agrobacterium* to transform plants genetically depends on the Vir system with each Vir protein playing a role in the transformation process. The lack of conservation of VirF is, therefore, surprising, especially, since VirF represents the only known functional link between the bacterial Vir system and the host UPS[@b11][@b12]. Thus, we analyzed the area of the nopaline-type *vir* region that corresponds to the octopine-type *vir*F and identified several regions of homology, in particular a sequence which encodes for amino acid residues common for F-box protein domains. This sequence was not detectible *in silico*, but the F-box homology was clearly identified by manual analysis. This F-box domain of C58VirF was biologically active as C58VirF interacted with ASK proteins, an interaction that represents the major functional hallmark of all F-box proteins[@b15][@b32][@b33][@b34]. Importantly, this interaction was not observed with C58VirF harboring point mutations in the F-box domain, indicating that C58VirF is a *bona fide* F-box protein.

Interestingly, C58VirF interacted with those *Arabidopsis* ASK proteins that belong to the subfamilies expressed at relatively high levels in all type of tissues, while no interaction was detected with ASKs showing a more specific pattern of expression[@b24]. This interaction specificity of C58VirF was somewhat different from that of the octopine-type VirF, which has been shown to interact with ASK1, ASK2, and ASK10[@b11], whereas C58VirF interacted with ASK1 and ASK2, but not with ASK10.

An especially interesting difference between the nopaline-type and the octopine-type VirF proteins was their recognition of VIP1. Our localization studies show that both VirF proteins partition between the cell cytoplasm and the nucleus in plant cells, presumably due to their small size. Furthermore, complexes between the interacting C58VirF and ASK1 proteins, also partitioned between the cytoplasm and the nucleus. In the case of the octopine-type VirF, this localization is compatible with its only known target, VIP1, also shown to partition between the cytoplasm and the nucleus[@b35]. In the case of infection by the nopaline-type *Agrobacterium*, the host nucleocytoplasmic VBF protein[@b36]---a functional F-box analog of the octopine-type VirF encoded by the host plant and able to destabilize VIP1 and substitute for the missing VirF in a VirF(-) octopine-type *Agrobacterium* mutant[@b37][@b38]---may fulfill this function of VIP1 destabilization. Thus, we hypothesize that this difference in VirF targets may correspond to a difference in host specificity between the nopaline and octopine bacterial strains; in this scenario, nopaline-type strains would be less efficient in plant species and/or tissues that do not express an active VBF. That would explain why octopine-type VirF was found to be important for virulence only in some host species, such as *N. glauca*[@b4][@b5] and tomato[@b37]. In contrast, transformation efficiency in maize was lower with an *Agrobacterium* strain expressing octopine VirF, supporting the notion that the effect of VirF on *Agrobacterium* infection varies according to the host plant species and may contribute to the specificity of the host range[@b39].

Although the direct targets of C58VirF remain unknown, most likely they represent some of the host cell proteins. Indeed, C58VirF carries a conserved bacterium-to-plant cell export signal and thus functions in the plant cell, either in the cytoplasm or in the nucleus. For example, it is possible that C58VirF targets and destabilizes cellular defense proteins to facilitate the infection further. As additional targets of the octopine- and nopaline-type VirF proteins are discovered, their target specificities may prove to overlap at least in some hosts, especially taking into account that the subcellular patterns of localization for both types of VirF proteins overlap as well.

Materials and Methods
=====================

Plants
------

*Nicotiana benthamiana* plants were grown in soil in an environment-controlled growth chamber under long day conditions (16 h light/8 h dark) at 22 °C.

DNA constructs
--------------

For the yeast-two-hybrid experiments, the C58VirF coding sequence---amplified using the primer pair 5′CCGGAATTCATGGAGCCCAGCCAACGAAGC3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′ and purified Ti plasmid of the wild-type *A. tumefaciens* C58-C1 as template---was inserted into the EcoRI-SalI sites of the LexA plasmid pSTT91 \[TRP1^+^ [@b40],\] and Gal4AD plasmid pGAD424 (LEU2^+^, Clontech). LexA fusion of VirE2 in pSTT91, and Gal4AD fusions of VirD2, VirE3, ASK1, VIP1 and VIP2 in pGAD424 were described previously[@b12][@b25][@b28][@b29][@b41]. For Gal4AD fusions of other ASK proteins, the corresponding cDNAs were amplified using the following primer pairs 5′CCGGAATTCATGTCGACGGTGAGAAAAATC3′/CCGCTCGAGTCATTCAAACGCCCACTGATTC3′ (ASK2), 5′GGAAGATCTGTATGGCAGAAACGAAGAAGATGATC3′/5′CCGCTGCAGTCACTCGAACGCCCACTTGTTC3′ (ASK4), 5′CCGGAATTCATGTCGACGAAGATCATGTTGAAG3′/5′CCGCTCGAGTCATTGAAAAGCCCATTGATTCTC3′ (ASK5), 5′GGAAGATCTGTATGTCGACGAAGAAGATCATATTGAAG3′/5′CCGCTGCAGTCATTCAAAACCCCATTGATTCTCC3′ (ASK10), 5′CCGGAATTCATGTCTTCGAAGATGATCGTGTTG3′/5′CCGCTCGAGTCATTCAAAAGCCCATTGATTCTC3′ (ASK11), 5′CCGGAATTCATGTCGAAGATGGTTATGTTGCTG3′/5′CCGCTCGAGTCATTCAAAAGCCCATTGATTCTCC3′ (ASK13), 5′CCGGAATTCATGGCTTCTTCTTCCGAAGAG3′/5′CCGCTCGAGTTACTCATTAAAAGTCCAAGCATT3′ (ASK18), and 5′CCGGAATTCATGTCAGAAGGTGAAATGGCCATC3′/5′CCGCTCGAGTCACTTGTGTCCTGCAGCTGG3′ (ASK21), and *Arabidopsis* Col0 cDNA library as template, and inserted into EcoRI-SalI (ASK2, ASK5, ASK11, ASK13, ASK18, ASK21) or BglII-PstI sites (ASK4, ASK10) of pGAD424.

For generation of C58VirFmut, coding sequences of the two overlapping N- and C-terminal segments of C58VirF were first amplified with the primer pairs 5′CCGGAATTCATGGAGCCCAGCCAACGAAGC3′/5′GCCGCAAGCTCGGGAGCCGCATCCC3′ and 5′GATGCGGCTCCCGAGCTTGCGGCTAAG3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′, respectively, introducing the following three mutations: M28A, P29A, and L33A. Then, using these two PCR products as templates, the full coding sequence of C58VirFmut was amplified and cloned into EcoRI-SalI sites of pSTT91 as described above for C58VirF.

For transient expression of the GFP-GUS-C58VirF fusion, the coding sequence of C58virF was amplified using the primer pair 5′CCGGAATTCATGGAGCCCAGCCAACGAAGC3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′ and digested with EcoRI and SalI, and coding sequence of GUS was amplified using the primer pair 5′GGAAGATCTATGTTACGTCCTGTAGAAACCCC3′/5′CCGGAATTCTTGTTTGCCTCCCTGCTGC3′ and digested with BglII and EcoRI. Both fragments were then inserted by triple ligation into the BglII-SalI sites of pSAT5-MCS[@b42]. Finally, the coding sequence of the GUS-C58VirF fusion was excised as a BglII-SalI fragment and inserted into the same sites of pSAT1-EGFP-C1[@b42]. For GFP-C58VirF, the coding sequence of C58VirF was amplified using the primer pair 5′GGAAGATCTATGGAGCCCAGCCAACGAAGC3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′ and inserted into the BglII-SalI sites of pSAT1-EGFP-C1. For transient expression of the GFP-GFP-VirF fusion, the octopine VirF coding sequence from pVirF (a kind gift from Dr. Stanton Gelvin) was first subcloned into the EcoRI-SmaI sites of pEGFP-C1 (Clontech). Then, into the BglII-HindIII sites of the resulting construct, we inserted an additional copy of the GFP coding sequence, amplified from pEGFP-C1 using the primer pair 5′GGAAGATCTATGGTGAGCAAGGGCG3′/5′CCCAAGCTTGTCCGGACTT GTACAGCTCGTC3′. Finally, the sequence coding for the GFP-GFP-VirF fusion was subcloned into the NcoI-BamHI sites of pRTL2-GUS[@b43], replacing GUS. For internal reference of a nucleus-localizing protein, we used RFP-NLS---a fusion between mRFP and NLS of the *Agrobacterium* VirD2 protein[@b44]---which was expressed from the pSAT6-mRFP-VirD2NLS construct (a kind gift from Dr. Stanton Gelvin).

For BiFC experiments, the coding sequence of ASK1 was amplified with the primer pair 5′AAAGGATTCATGTCTGCGAAGAAGATTGTGTTGAAG3′/5′AAACTGCAGTCATTCAAAAGCCCATTGGTTCTCTC3′ and inserted into the BglII-PstI sites of pSAT4-cCFP-C[@b31]. The coding sequences of C58VirF and C58VirFmut were amplified using the primer pairs 5′GGAAGATCTATGGAGCCCAGCCAACGAAGC3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′ and 5′CCGGAATTCTATGGAGCCCAGCCAACGAAGC3′/5′CCGCTCGAGTTATCGCGATAGTCCAGAGCGAC3′ and inserted into the BglII-SalI or EcoRI-SalI sites, respectively, of pSAT6-nCerulean-C[@b31]. All constructs were verified by DNA sequencing, and all of them expressed proteins from the constitutive tandem 35S RNA promoter of the *Cauliflower mosaic virus* (CaMV)[@b45].

Yeast-two-hybrid protein interaction assay
------------------------------------------

The assay was performed using the yeast strain L40[@b22], co-transformed with pSTT91- and pGAD424-derived plasmids. Five to ten colonies obtained on plates with synthetic defined premixed yeast growth media (TaKaRa Clontech) lacking either leucine and tryptophan (SD-Leu-Trp) or leucine, tryptophan and histidine (SD-Leu-Trp-His) were resuspended in water and plated at different dilutions on the same growth media. Cell growth was recorded after incubation for 2--3 days at 28 °C.

Transient expression for subcellular localization and BiFC in plant tissues
---------------------------------------------------------------------------

For biolistic gene delivery, DNA preparations of tested constructs (20 μg of each plasmid) was absorbed onto 10 mg of 1-μm gold particles (Bio-Rad) and microbombarded into *N. benthamiana* leaf epidermis at a pressure of 140--160 psi using a portable Helios gene gun system (Model PDS-1000/He, Bio-Rad), essentially as described[@b46] 1. After incubation for 24 h at 22--24 °C, the microbombarded tissues were analyzed under a Zeiss (Oberkochen, Germany) LSM 5 Pascal confocal laser scanning microscope. All experiments were repeated at least three times. For all experiments, a total of at least 15 expressing cells were observed with a similar pattern of subcellular localization of the fluorescence signal.
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![Sequence analyses of C58VirF.\
(**A**) Alignment of *A. tumefaciens* VirF protein sequences from the octopine-specific A6 strain (A6VirF, GenBank accession number AF24281.1) and the nopaline-specific C58-C1 strain (C58VirF, GenBank accession number AE007871.2) was performed by ClustalW2 (ver. 2) at EMBL-EBI (<http://www.ebi.ac.uk/Tools/msa/clustalw2/>) using the default settings. Symbols designations: "\*" identical residues, ":" conserved substitutions, "." semi-conserved substitutions. The conserved F-box domain and T4SS export signal are delineated by blue and red boxes, respectively. (**B**) Phylogenetic tree of the VirF protein orthologs from *A. tumefaciens* C58-C1, *A. tumefaciens* A6, *A. vitis* S4 and *A. rhizogenes* was constructed using the Molecular Evolutionary Genetics Analysis (MEGA, version 6.0.5 for Mac OS) tool (<http://www.megasoftware.net>). Bar = 0.2 amino acid substitutions per site.](srep16610-f1){#f1}

![Subcellular localization of C58VirF and A6VirF in plant cells.\
The indicated combinations of fluorescently-tagged proteins were transiently expressed in *N.* *benthamiana* leaf mesophyll cells. (**A--C**) GFP-GUS-C58VirF + RFP-NLS. (**D--F**) GFP-C58VirF + RFP-NLS. (**G--I**) GFP-GFP-A6VirF + RFP-NLS. GFP fluorescence is in green, RFP fluorescence is in red, overlapping GFP and RFP fluorescence is in yellow, plastid autofluorescence is in blue. Location of the cell nucleus is indicated by a white arrowhead. Images are single confocal sections. Bars = 20 μm.](srep16610-f2){#f2}

![Specific interaction between C58VirF and ASK proteins in the yeast two-hybrid system.\
(**A**) Cell growth in the absence of histidine, tryptophan and leucine. (**B**) Cell growth in the absence of tryptophan and leucine. Lane 1, LexA-C58VirF + Gal4AD; lane 2, LexA-C58VirF + Gal4AD-ASK1, lane 3, LexA-C58VirF + Gal4AD-VirE3; lane 4, LexA-C58VirF + Gal4AD-VirD2; lane 5, LexA-C58VirF + Gal4AD-VIP1; lane 6, LexA-C58VirF + Gal4AD-VIP2; lane 7, LexA-VirE2 + Gal4AD-C58VirF; lane 8, LexA-VirE2 + Gal4AD-VirD2; lane 9, LexA-VirE2 + Gal4AD-VIP1; lane 10, LexA-C58VirF + Gal4AD; lane 11, LexA-C58VirF + Gal4AD-ASK1; lane 12, LexA-C58VirF + Gal4AD-ASK2; lane 13, LexA-C58VirF + Gal4AD-ASK4; lane 14, LexA-C58VirF + Gal4AD-ASK5; lane 15, LexA-C58VirF + Gal4AD-ASK10; lane 16, LexA-C58VirF + Gal4AD-ASK11; lane 17, LexA-C58VirF + Gal4AD-ASK13; lane 18, LexA-C58VirF + Gal4AD-ASK18; lane 19, LexA-C58VirF + Gal4AD-ASK21.](srep16610-f3){#f3}

![Interaction between C58VirF and ASK depends on the F-box protein domain of C58VirF.\
(**A**) Amino acid sequences of the F-box protein domain from A6VirF, C58VirF, and C58VirFmut. Substituted conserved residues are highlighted in red. (**B**) Growth in the absence of histidine, tryptophan and leucine. (**C**) Cell growth in the absence of tryptophan and leucine. Lane 1, LexA-C58VirF + Gal4AD; lane 2, LexA-C58VirF + Gal4AD-ASK1; lane 3, LexA-C58VirFmut + Gal4AD-ASK1; lane 4, LexA-C58VirFmut + Gal4AD-ASK1; lane 5, LexA-C58VirFmut + Gal4AD-ASK2; lane 6, LexA-C58VirFmut + Gal4AD; lane 7, LexA-C58VirFmut + Gal4AD-VIP1; lane 8, LexA-C58VirFmut + Gal4AD-VirD2.](srep16610-f4){#f4}

![Specific interaction between C58VirF and ASK proteins *in planta*.\
The indicated combinations of proteins were expressed transiently in *N. benthamiana* leaf mesophyll cells. (**A**) nCerulean-C58VirF + cCFP-ASK1. (**B**) nCerulean-C58VirFmut + cCFP-ASK1. BiFC signal is in blue, plastid autofluorescence is in red. Location of the cell nucleus is indicated by a white arrowhead. Images are single confocal sections. Bars = 30 μm.](srep16610-f5){#f5}
